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ABSTRACT

Seasonality is an important component in shaping the dynamics that influence
ecosystems, including mortality. Animals experience temporal variation in vulnerability to
mortality due to interactions among environmental conditions, nutritional condition, age and life
stages, and changes in their movements and behaviours as well as those of their predators.
Consequently, mortalities may follow a temporal pattern that can provide insight into factors
influencing the population trends or ecology of a species. We investigated patterns of mortality
in the boreal ecotype of woodland caribou (Rangifer tarandus caribou) in the southern
Northwest Territories, Canada. Survival data were collected from 423 adult female caribou
tracked by radio collars, 172 of which died during the study from predation (106), non-predation
(i.e., starvation), (15), harvest (11), accidents (3), or unknown causes (37). We used generalized
additive mixed models to evaluate temporal patterns of mortality across the year. We found that
probability of mortality followed a trimodal pattern with three peaks, one during pre-calving, one
in mid-summer, and a smaller peak in late autumn, with a 6-fold difference in mortality risk
between the lowest and highest periods of the year. Mortality risk was higher from late spring
(pre-calving) to mid-summer than it was from late summer until the end of winter, despite
decreasing for about 6 weeks post-calving. Increased encounter rates, as predicted by higher
caribou movement rates, corresponded to the pre-calving and late autumn mortality peaks, but
not the mid-summer mortality peak. The mid-summer mortality peak was better explained by
caribou nutritional condition, as adult female caribou experience the greatest depletion of body
reserves from spring to mid-summer. Predation mortalities followed the same temporal pattern as
total mortalities, whereas non-predation mortalities (i.e., starvation) were clustered in the weeks

between peak calving and mid-summer. Seasonal fluctuations in predator-prey encounter
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probabilities, energetic demands, and nutritional condition that result in caribou being more

vulnerable to predation should be considered when evaluating pressures on this species.

i1



PREFACE

This thesis is an original work by Allicia P. Kelly. Data used in this research was
collected by the Department of Environment and Natural Resources (ENR), Government of the

Northwest Territories (GNWT), as part of regional monitoring programs.

The NWT Animal Care Committee approved annual wildlife handling permits for all
capture work, and boreal caribou monitoring programs received annual NWT wildlife research

permits from GNWT-ENR Dehcho and South Slave Regions.

As of February 1, 2020, this manuscript is in preparation for submission to a scientific

journal. Co-authors include Nicolas C. Larter, Eliezer Gurarie, John G. Cook, Evelyn H. Merrill,

and Andrew E. Derocher. All co-authors contributed input on analyses and manuscript content.

v



ACKNOWLEDGEMENTS

Many First Nations groups across the southern Northwest Territories have thoughtfully
supported the research and monitoring of boreal caribou on their traditional lands, and I am
appreciative of what I have learned from them directly as well as for the rich scientific data we
have collected over the years. Karl Cox and the late Danny Allaire assisted with field data
collection across several years, through snow, swamps, and all conditions in between. Nic Larter
and Terry Armstrong have always made time for thoughtful conversations about boreal caribou,
wildlife ecology, and our shared experiences of working in wildlife management.

My immense thanks to Troy Ellsworth for supporting my return to graduate school and
his ongoing support to see this degree completed. Similarly, Andrew Derocher has provided
support since my undergraduate days and throughout this process. I know he will be glad to see
this wrapped up, and we will continue to collaborate on other projects. Thank you to Evelyn
Merrill for her support and supervision, and for the excellent Landscape Ecology course which
spurred ongoing friendships and collaborations.

My parents, Kyle and Cindy Kelly, exposed me to ‘the land’ early in life and I’'m grateful
for those experiences that grew into a love of our natural environment and its wildlife,
particularly in the North. I’m also thankful for their life-long support. Finally, I am grateful to no
one more than Tim Van Dam, whose steadfast support made this degree possible and who makes
my life richer every day. And to our two children who did not exist when this M.Sc. program
started, you have delayed its completion significantly but immeasurably increased my joy. I look

forward to sharing the fun of science and an appreciation of this remarkable land with you.



TABLE OF CONTENTS

A DSTTACT. . .ot i
Pl . e v
ACKNOWIEAZEMENLS. ...\ttt e e v
Table Of CONENLS. ... ...t e e vi
LSt Of Tables. . ..ot e vii
0 ] A G R D viii
L] 4 1) U 1
INErOAUCTION. ... e e e e e e 1
MEthOMS. . ..o 6
StUAY ATCa. .ttt e 6
Capture and telemetry data............oooiiiiiiiiii e 7
Causes Of MOTTAlItY . ......oii e 8
Timing of caribou MOTtAlTEIES. .....ouiit it e e e eae e 9
Timing of caribou MOVEMENTS. . ... .ottt e 11
RESUILS . . .t 11
Causes Of MOTtAlILY . ......uei e e 11
Ageatdeath. .. ... 11
MaATITOW fat. ... e 12
MOTtality PAttETIIS. ..ttt e e 12
MOVEMENT PALLETIIS. . ... e ettt ettt et e et e e e aee e 14
LD 1013 T ) P 14
SUMMATY . . . e e e e et e 19
2T o) (T 20
B gUT S . e e 22
RETOTOINCES . ...ttt 28

vi



LIST OF TABLES

Table 1. Non-predation or malnutrition mortalities in published studies of woodland caribou
(boreal and mountain ecotypes) in western Canada, recorded as the number and percentage of
total documented MOTTAITEIES. .......eiuiiriiiiiiee ettt 20
Table 2. Cause of mortalities in each mortality period identified in a mixed generalized additive
model (GAMM) of boreal caribou mortality risk across the calendar year. The GAMM fit data
from 359 adult female boreal caribou monitored in the southern Northwest Territories (2003-
2018), with known date of death for 139 total mortalities. Mortality periods were identified

using inflection points from the fitted model.............ccoooiiiiiiiiiiiii e, 21

vil



LIST OF FIGURES

Figure 1. Study area primarily located in the southern Northwest Territories, Canada, with

locations of adult female boreal caribou MOTtAlITIES. ....ooeeeiereeiiiiiieieieee e 22

Figure 2. Age distribution at death for known-age predation mortalities of adult (2+ years)
female caribou in the southern Northwest Territories, as determined by analysis of cementum

annuli of teeth collected at mortality sites (2003-2017) ...eeeeuvieeiiiieeiieeeee et 23

Figure 3. Mixed generalized additive models (GAMMs) of boreal caribou mortality risk across
the calendar year: (a) all mortalities; (b) predation mortalities; (c) non-predation mortalities. The
shaded area represents the SE. Vertical dashed lines in (a) indicate the inflection or ‘change’
points used to delineate periods identified by the GAMM, and subsequently evaluate cause of
death by those periods. The GAMMs fit data from 359 adult female boreal caribou monitored in
the southern Northwest Territories (2003-2018), with known date of death for 139 total

mortalities, 82 predation mortalities, and 14 non-predation mortalities.. ..........cceceeveriereeneennnnne. 24

Figure 4. Cause of mortalities in each mortality period identified in a mixed generalized additive
model (GAMM) of boreal caribou mortality risk across the calendar year. The GAMM fit data
from 359 adult female boreal caribou monitored in the southern Northwest Territories (2003-
2018), with known date of death for 139 total mortalities. Mortality periods were identified using

inflection points from the fitted model. Width of bars corresponds to number days in period. ... 25

Figure 5. Generalized additive model (GAM) of adult female boreal caribou mean movement
rates in the southern Northwest Territories, 2003-2018 (blue dotted line). Dashed lines show
95% confidence intervals. This GAM is overlaid on the generalized additive mixed model
(GAMM) of boreal caribou mortality risk shown in Fig. 3a. Vertical dashed lines indicate the
three ‘high mortality’ seasons identified in the GAMM using inflection points to delineate
PEITOMS 1.ttt e ettt et e s et e et e e e st e et e e e s teea bt e eateeabeeenaeeabeeenteenbeeenbe et e enneeenbeennees 26

Figure 6. Annual patterns of percent fat of the ingesta-free body of adult females (i.e., body
condition) for barren-ground caribou, graphed by J. Cook using published data: barren-ground
caribou for the Coats Island population in northern Hudson Bay (Adamczewski et al. 1987);
George River population (GR) mainly in northern Quebec (Huot 1989, Créte and Huot 1993);
the Central Arctic population (C. Arctic) in Alaska (Table 2 in Gerhart et al. 1996); the Porcupine

viil



(Porc) population in eastern Alaska and western Canada (Table 1 in Chan-McLeod et al. 1999);
and the Qamanirjuaq population in eastern NT and northern Manitoba to Hudson Bay (from Fig.
15 [prime age caribou] in Dauphiné 1976). All data sets except South Slave were from harvested
caribou. South Slave data are from body condition measurements of live caribou during captures
in December, February and March, and from marrow fat estimates from bones retrieved at
mortality sites in April, June and July. Where available, data for lactating (lac) and non-lactating

(nl) females in summer and autumn within herds are presented. ..........cccoeeverviiiiieniieniencieeinens 27

iX



CHAPTER 1

INTRODUCTION

Most populations, particularly in temperate and polar environments, inhabit seasonal
environments (Fretwell 1972). Temporal variation in the physical environment shapes
community dynamics and population patterns (Chesson 2003, McMeans et al. 2015) and many
aspects of ecological dynamics can be better understood when seasonality is considered (Holt
2008b, White and Hastings 2019). One such dynamic is mortality. Seasonally recurring patterns
of mortality are observed across many species due to interactions among seasonal changes in
reproductive state, nutritional status, energetic demands, or seasonal behaviours of predator or
prey (Gaillard et al. 2000, Gonzalez and Crampe 2001, Molinari-Jobin et al. 2004, Owen-Smith
2008, Latham et al. 2013). These factors may act cumulatively in different ways to increase
probability of mortality at specific times of year.

A characteristic of seasonality is variation in resource availability, which species have
adapted strategies to survive during resource-limited periods, whether by physiological
adaptation, internal fat stores, external storage (e.g., caches), hibernation, or migration (Holt
2008a). Energy demands also vary seasonally due to environmental conditions (e.g., temperature,
precipitation), and reproductive activities (Chan-McLeod et al. 1994, Créte and Lariviere 2003,
Cook et al. 2004, Forsyth et al. 2005, Garroway and Broders 2005, Gardner et al. 2016).
Increased mortality may result if seasonal energetic demands are not satisfied by limited
nutritional resources or by other strategies such as internal fat stores (e.g., Cook et al. 2004,
Kautz et al. 2020).

Nutritional resources vary interannually due to climate and weather factors that affect

vegetation productivity and ultimately influence reproduction and survival (Post and Stenseth



1999, Mysterud et al. 2001). Nutritional condition also varies seasonally for many animals
(Parker et al. 2009, Owen-Smith 2008, Metz et al. 2012, Cook et al. 2013). In ungulates,
nutritional condition is usually measured as an individual’s fat and protein stores, particular body
fat (Cook et al. 2010). Greater nutritional resource availability, and consequentially good
nutritional condition, positively affects demographic performance including pregnancy rates,
neonate birth weight and vigour, growth rates, and juvenile and adult survival (Créte and Huot
1993, Pettorelli et al. 2003, McLoughlin et al. 2007, Parker et al. 2009, Cook et al. 2013, Proffitt
et al. 2016, Douhard et al. 2018). Ungulate nutritional condition is often poorest at the end of the
winter or dry season (Owen-Smith 2008, Parker et al. 2009, Metz et al. 2012, Cook et al. 2013).
In predator-free environments, most adult mortality occurs in the season characterized by the
lowest annual body condition (Albon et al. 2000, Coulson et al. 2001).

Where predators occur, predation rates may be higher during the time of year when prey
body condition is most depleted (Peterson et al. 1984, Huggard 1993, Montgomery et al. 2014).
Animals in poor body condition have reduced marrow fat content (Mech and Delgiudice 1985,
Cook et al. 2001), may have higher levels of the stress hormone cortisol (Mislan et al. 2016,
Ewacha et al. 2017), and may be more susceptible to predation (Peterson et al. 1984, Huggard
1993, Metz et al. 2012, Shave et al. 2019) because weaker animals are easier to capture and kill
(Smith et al. 2000, Husseman et al. 2003). Predators disproportionately kill more individuals in
vulnerable age and sex classes (Peterson et al. 1984, Owen-Smith 2008, Metz et al. 2012).
Females are particularly vulnerable to predators during late gestation, whereas males may be
more vulnerable during or following the mating season (Molinari-Jobin et al. 2004, Forsyth et al.
2005, Owen-Smith 2008). Predators often focus on neonates or juvenile ungulates when they are

seasonally available (Peterson et al. 1984, Linnell et al. 1995, Molinari-Jobin et al. 2004,



Mattisson et al. 2016). Body condition may also be reduced by disease and parasites (Pérez et al.
2015, Forde et al. 2016). Decreasing survival with age is also common in many species (Loison
et al. 1999, Gaillard et al. 2000).

Mortality from predation may be positively correlated to encounter rates between
predators and prey (Whittington et al. 2011, Gurarie and Ovaskainen 2013). Encounter rates
increase when prey are more mobile or use larger home range areas (Gilman et al. 2010), and
may be influenced by changes in predator behaviour including social behaviour that affects
movements (e.g., pack cohesion, mobility of young) (Fuller 1989, Latham 2009). Seasonal diet
shifts (e.g., Potvin et al. 1988, McMeans et al. 2015), or migration of predators or alternate prey
can also result in seasonal shifts in predation pressure (Seip 1992, Metz et al. 2012). Seasonal
changes in synchrony of habitat use may affect the probability of a predator-prey encounter
(Basille et al. 2013). Individual vulnerability also depends on characteristics of the physical
environment (Bergman et al. 2006). Snow depth and winter severity can also influence habitat
use and movements of both predator and prey (Fuller 1991, Stuart-Smith et al. 1997) and
mortality may increase when prey experience deep snow or are disadvantaged by ice (Patterson
and Messier 2003, Dumont et al. 2005, Penczykowski et al. 2017).

We used data on the boreal ecotype of woodland caribou (Rangifer tarandus caribou,
hereafter boreal caribou) collected during a long-term monitoring program in the southern
Northwest Territories, Canada, to assess seasonal variation in mortality and why it may be
greater during some seasons than others. Boreal caribou occur at low densities in boreal forests
across Canada, selecting unproductive habitats where other ungulates and predators are less
abundant (James et al. 2004, McLoughlin et al. 2005). Boreal caribou have experienced

population declines in many local populations and are listed as Threatened under Canada’s



Species at Risk Act (Environment Canada 2012). Across some ranges, human habitat disturbance
and a warming climate have resulted in long-term habitat changes that support increases in
alternate prey species (e.g., moose (Alces alces), white-tailed deer (Odocoileus virginianus)),
which in turn support higher densities of wolves (Canis lupus) and subsequent declines in
caribou via apparent competition (Holt 1977, Seip 1992, Messier 1994, Latham et al. 2011).
Roads, seismic exploration lines, and other linear features can facilitate wolf travel into boreal
caribou habitat (James and Stuart-Smith 2000, Dickie et al. 2017). In addition, habitat
disturbance creates functional habitat loss (Dyer et al. 2001, Sorensen et al. 2008), and industrial
activity and an increased proximity of predators may elicit stress responses in caribou that reduce
caribou condition and increase susceptibility to predation (Wasser et al. 2011). Under these
conditions, high predation rates have contributed to population declines (Wittmer et al. 2005).

It can be difficult to separate top-down (predation) and bottom-up (nutrition and climate
effects) influences on ungulate survival, in part because interactions between the two can be
dynamic over species, time, and space (Hunter and Price 1992, Andrén and Liberg 2015, Proffitt
et al. 2016). Where large predators and ungulates co-occur, predation is typically the cause of
>50% of mortalities (reviewed in Gaillard et al. 2000). Predation is the most common cause of
death in boreal caribou studies that partition case of death, and much research has focused on
understanding spatial aspects of predation (e.g., James and Stuart-Smith 2000, James et al. 2004,
McLoughlin et al. 2005). Less attention has been paid to nutritional condition, which may
operate independently or interactively with predation as a contributing factor to explain
population declines (Brown et al. 2007, Parker et al. 2009, Thompson et al. 2015). In woodland
caribou, malnutrition as a cause of death in adult females typically occurs in summer (e.g., 4-

13% of total mortalities; Stuart-Smith et al. 1997, Wittmer et al. 2005, McLellan et al. 2012,



Table 1). Many ungulates lose body condition throughout winter due to negative energy balance,
regaining condition in spring when more nutritious food becomes available (e.g., Peterson et al.
1984, Metz et al. 2012). In contrast, barren-ground caribou (R. t. groenlandicus) in many
populations maintain body fat over winter, and the low point in the body condition is mid-
summer (e.g., Huot 1989, Créte and Huot 1993, Gerhart et al. 1996, Chan-McLeod et al. 1999).
Repeated measures of body condition of individual boreal caribou in the southern Northwest
Territories showed that similar to barren-ground caribou, boreal caribou lost little body condition
over winter, and may follow the same annual pattern of body condition as other caribou
subspecies, with an annual minima in late spring or summer instead of late winter (J. Cook
unpublished data).

Species often face differing threats and pressures across their range, and causes of local
or subpopulation declines may differ correspondingly (Collins and Kays 2011, Environment
Canada 2011). For boreal caribou, human habitat disturbance, defined as the percent of range
within 500 m of an anthropogenic habitat disturbance, is highly variable across the entire range
but is generally high in northeast British Columbia (BC) and Alberta, x = 61.4% disturbed (range
22-95%, n=19), and low (10%) in the southern Northwest Territories (NT) (Environment Canada
2012). Bergerud and Elliot (1986) suggested that caribou populations would be stable at wolf
densities < 6.5 per 1000 km®. Wolf densities are 6.4 — 15.6 wolves/1000 km? in northeast BC
(Serrouya 2016), and 0.6-1.4 wolves/ 1000 km? in boreal caribou ranges in the NT where bison
(Bison bison) are absent (Alberta Biodiversity Monitoring Institute 2017, 2018). In northeast
Alberta, the wolf density supported by increased abundance of non-caribou ungulates doubled (6
to 11.5 wolves/1,000 km?) since the onset of development concurrent with a 10-fold increase of

caribou in the diet of wolves (Latham et al. 2011).Seasonal mortality patterns can provide insight



into factors that contribute to population growth rate, and help with directing conservation
actions towards those factors, especially for threatened or endangered species. We studied boreal
caribou ranges that were characterized by low anthropogenic disturbance and low densities of
predators and alternate prey. This dataset was collected throughout the year over several years
(2003-2018), which is critical to understand the role of seasonality (White and Hastings 2019).
Our objectives were to assess seasonal variation in boreal caribou mortality and to
examine whether periods of differing mortality risk were more variable intra-annually or
interannually. We then evaluated the ecological processes or conditions that may underlie
temporally different periods of mortality risk. We expected that seasonal periods characterized
by increased caribou movement rates would be associated with increased mortality risk due to
increased caribou-wolf encounters. We expected adult female mortality would be higher during
life cycle periods of greater vulnerability, particularly during later stages of gestation (April) and
lactation (May-July). In addition, we expected that during the calving season (peak May 15)
predators would focus on neonates and young calves, decreasing predation on adults. Finally, we
expected that mortality risk would be increased during the seasonal period of lowest body

condition (mid-summer, for lactating females).

METHODS
Study area

The study area (Fig. 1) is in the Taiga Plains Mid-Boreal ecological region of the
southern Northwest Territories, and extends into northeastern BC and northwestern Alberta
(Calendar and Bistcho caribou ranges defined by Environment Canada (2011). The area is

approximately 75,000 km” and vegetation is dominated by open black spruce (Picea mariana)



forests interspersed with patches of mixed forests including deciduous (Populus spp.), white
spruce (P. glauca), and jack pine (Pinus banksiana). Peatlands (30-40%) and discontinuous
permafrost result from extensive low-lying areas, a cold climate, and poor drainage, and support
treed fens and black spruce-lichen peat plateaus. Productive mixed-wood and upland deciduous
forests occur where drainage and soil conditions permit, particularly along major rivers and hill
slopes (Ecosystem Classification Group 2009). Approximately 33% of the study area has been
burned by wildfire in the past 40 years, resulting in a mosaic of early, mid- and late-seral forests.
Predators in the area include wolves, black bears (Ursus americanus), lynx (Lynx canadensis),
and wolverine (Gulo gulo). Alternate prey species include moose, beaver (Castor canadensis),
white-tailed deer, and bison; bison are restricted to the northwestern and far western portion of
the study area, and white-tailed deer are uncommon. Grizzly bears (U. arctos) and elk (Cervus
canadensis) occur in the far western portion of the area. Densities of wolves (0.6 — 5.3 wolves/
1000 km?) and moose (1.3 — 7.2 moose/ 100 km?) are low. Densities of black bears and beavers
are unknown. Bison density, where they occur, is about 5 bison/100 km”. There is low
anthropogenic disturbance (mean linear feature density 0.34 km/km?); the anthropogenic
disturbance footprint measured was estimated to be 10% (Environment Canada 2011). Most
anthropogenic disturbance is from old exploratory seismic lines. Roads occur at low density and
there are few communities (n=8). Except for a few localized industrial sites, human access is
usually limited to areas near roads and communities, where trails used by snowmobiles and all-

terrain vehicles are common. All species including boreal caribou are harvested by local people.

Capture and telemetry data



Between 2003 and 2018, adult boreal caribou were captured with a net fired from a
helicopter as part of regional monitoring programs. Capture crews fitted each animal with a
collar equipped with a mortality sensor (Telonics, Mesa, Arizona). Collared animals were
monitored until the collar failed, released, or the animal died. Doppler-shift and GPS collars
were monitored remotely for reduced movements and mortality sensors that provided a warning
when a collar had been stationary for > 6 hours. Mortality dates were assigned to GPS collars at
the time of the mortality warning or the time of the first location at the site where the mortality
occurred. We visited the locations of stationary collars to determine cause of death. VHF-only
collars were relocated periodically using fixed-wing aircraft. VHF-collared caribou contributed
to annual survival estimates and total known mortalities including cause of death; however, some
known-mortality dates of VHF-collared caribou were not specific enough to include in our
analysis of temporal mortality patterns.

All capture and handling occurred under annual Wildlife Care Committee permits for
each region, and followed Government of the Northwest Territories animal care protocols

consistent with the Canadian Council on Animal Care (ccac.ca).

Causes of mortality

Cause of death was assigned based on evidence at the mortality site and classified as
predation (i.e., wolf, bear, or unknown), non-predation (i.e., caribou carcass intact), harvest,
accidental (e.g., entrapment, vehicle collision), or unknown. Evidence of predation included
signs of struggle (e.g., broken branches, blood, vegetation, tracks), bite marks, and state of
carcass (e.g., disarticulated, consumed). Predator species was determined from predator hair,

tracks, scat, and bedding sites at the site and carcass remains. Some mortality sites could be



attributed to predation but predator species was inconclusive. Non-predation events were
determined by the carcass position and absence of predation signs, with additional data from the
environment immediately around the carcass, and data from field necropsies. Harvest was
determined by evidence of humans at the site or when the collar was returned by the hunter.
Mortality was classified as unknown if there was insufficient evidence to determine a cause of
death, or if mortality sites were not visited.

Teeth, bones, and other available tissues were retrieved from mortality sites when
possible. Age at death was determined by analysis of cementum annuli of teeth (Matson’s Lab,
Manhattan, Montana). Bones were submitted for bacterial culture and marrow fat assessment
(Prairie Diagnostic Services, Saskatoon, SK, and University of Calgary Faculty of Veterinary
Medicine, Calgary, AB), and a pathologist assessed cause of death for animals when case
histories and samples were provided (Prairie Diagnostic Services, Saskatoon, SK). We restricted
marrow fat data to bones that were retrieved <10 days to prevent biases from degradation, and

deducted 0.54% per day between death and field necropsy to account for dehydration (Kie 1978).

Timing of caribou mortalities

We used generalized additive mixed models (GAMMs) to identify temporal patterns of
boreal caribou mortality and to identify periods with higher and lower probability of mortality.
We excluded VHF-only collared animals from the temporal models because the relocation
interval was too long to determine date of death. To model the distribution of mortalities in time
across seasons, we subset the year into 5-day intervals and counted the proportion of dead in
each interval: p.died = n.died / (n.died + n.survived), where n.survived includes animals present

both at the beginning and end of each period. The 5-day interval minimized data censoring (i.e.,



collars that went off-line without a mortality) but was large enough that the probabilities were
not dominated by zeroes.

We then fit the 5-day mortality probability against ordinal date (i.e., 1 to 365; date) using
the gamm4 package (Wood and Scheipl 2017). We weighted the GAMMs (i.e., the contribution
of the 5-day period to the log likelihood) using n.total (the total number of collared animals alive
at the beginning of each 5-day interval) and used a circularly wrapped spline that matched the
modeled probability on December 31 (date 365) with January 1 (date 1) as the smooth term, and
included year as a random effect. The number of knots, k (corresponding to the number of cubic
polynomials that are joined together to obtain the smoothed additive fit) of the GAMM was
initially determined by the default algorithm, which selects a parsimonious level of complexity
by minimizing a generalized cross validation criterion (Wood 2017). If & is large enough so the
basis is more flexible than needed to represent the function, then the exact choice of k does not
have a large influence on model fit; rather, the smoothing parameter controls the behaviour of the
fitted model (Wood 2017).

We fit models to the complete set of mortalities (I) a model with date only, and (II) a
model with date and year as random effect, and used Akaike’s information criterion (AIC) to
compare these (Burnham and Anderson 2002). We also fit individual models to the subsets of
predation mortalities and non-predation mortalities. To divide periods identified in the top model
into “mortality seasons”, we used the estimated inflection points between each local minimum
and the subsequent local maximum of the fitted GAMM values, defining the interval around the
maxima as “high mortality”, and the interval around the minima as “lower mortality” seasons,

and evaluated post hoc the rates and causes of mortality across these seasons.
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Timing of caribou movements

We calculated mean movement rates (km/h) for individual caribou included in the
temporal mortality models by measuring the distance travelled between consecutive GPS
locations, summing distances for each date and dividing by 24. We then used a generalized
additive model (GAM) to fit the mean movement rate against ordinal date (i.e., 1 to 365; date)
using the mgcv package (Wood 2019). We plotted the fitted GAM of movement rates with the
fitted GAMM of mortality patterns and overlaid the ‘high mortality’ seasons defined in the top

GAMM model. All analyses were done in R (R Core Team 2019).

RESULTS
Causes of mortality

One hundred and seventy-two of 423 collared adult females (73 Argos Doppler-shift, 286
GPS, 64 VHF) died in the southern NT between 2003 and 2018. Predation was the proximate
cause of 106 mortalities (93 wolf, 6 black bear, and 7 unknown predator). We documented 15
non-predation ‘“carcass intact” mortalities, 11 mortalities due to harvest, and 3 accidental deaths
(i.e., vehicle collision, caught in wolf snare, entrapment). The cause of mortality was classified
as unknown for 37 mortalities (of these, 27 mortality sites were inaccessible and 10 mortality

sites were visited but cause of death was inconclusive).

Age at death
We determined age at death for 61 caribou (X = 9.7 years, range 2 to 22 years) that died
of predation (44), non-predation (15), harvest (1) and accident (1) (Fig. 2). There was no

significant difference in the mean age distribution of predation (X = 10.0 years, SD = 4.1, n=44)
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and non-predation mortalities (X = 9.0 years, SD = 4.1, n=15); #24)= 0.8, p=0.42). Following the
review in Gaillard et al. (2000), we considered caribou 3-9 years old to be of prime age and
caribou >10 years to be old. More mortalities were of older caribou (54% > 10 years, n=33) than
prime age adults (44%, 2-9 years, n=27), Z = 4.36, p<0.001). One 2-year old caribou died of a

non-predation cause.

Marrow fat

We obtained marrow fat from bones collected from 6 mortality sites <10 days of death.
Of these, 3 bones were collected from intact carcasses in July 2013 and had 0% marrow fat,
indicating starvation, which was confirmed by pathology reports. The other bones were collected
from predation sites and had 24% (July 2013), 61% (April 2017), and 71% marrow fat (July

2018).

Mortality patterns

The temporal analyses (i.e., the GAMMs) included 359 adult females with known fate,
139 of which died during monitoring; 64 VHF-collared animals were excluded. The number of
knots in fitted models using all mortality data was k = 8, which corresponds to three modes of
mortality. Including year as a random effect improved the model fit (AIC of 933 versus 956).
Although there was significant variation across years, the fixed component (date, i.e., intra-
annual seasonality) was significant (p<0.001). The fitted values for the GAMM of all adult
female mortalities indicated three seasonal mortality peaks, one during pre-calving (May 5, 5-
day probability of mortality (hereafter, p. mort), 0.0049) one mid-summer (July 26, p. mort

0.0045), and a smaller peak in late autumn (November 13, p. mort 0.0027) (Fig. 3). The highest
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probability of mortality during the year (pre-calving peak, May 5) was 6.1 times greater than the
lowest point (late winter, February 10, p. mort 0.0008). Although mortality risk for adult females
decreased for about 7 weeks post-calving (May 24-July 8) before increasing again in mid-
summer (July 9-August 17), it was still higher during the post-calving period than during late
summer, autumn, and winter (August 18- April 10) (Fig. 3).

We delineated (using inflection points) 3 higher-mortality and 3 lower-mortality seasons:
winter (low; December 5-April 9, p.mort at minimum: 0.0008), pre-calving (high, April 10-May
23, p.mort at maximum 0.0049), post-calving (lower, but part of the elevated late spring to mid-
summer mortality period that was higher than the autumn ‘peak’, May 24-July 8, p.mort at
minimum 0.0036), mid-summer (high; July 9-August 16, p.mort at maximum 0.0045); late
summer/rut (low; August 17-October 24, p.mort at minimum 0.0015), and late autumn (peak, but
lower than the elevated mortality period from late spring to late summer, October 25 — December
4, p.mort at maximum 0.0027).

Cause of death in high-and low-mortality ‘seasons’ were identified (Table 2, Fig 4).
Cause of death differed significantly among seasons (Pearson’s Chi-squared test: x*=67.152, df
=20, p-value <0.001). Post hoc analysis based on residuals of Pearson’s Chi-squared test using
the Bonferroni method indicated that the only significant difference was that non-predation
mortalities occurred more in the post-calving season (p<0.001).

The fitted GAMM of known-predation mortalities followed the same trimodal pattern as
the GAMM of all mortalities. (Fig. 3a, b). Non-predation mortalities included in the GAMM
were documented in 2005 (n=1), 2006 (n=1), 2013 (n=8), 2015(n=2) and 2017 (n=2). A GAMM

of the non-predation mortalities (n=14) shows one significant peak (July 2) (Fig. 3c).
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Movement patterns

Mean movement rates were highest during the pre-calving dispersal period, and lowest
during late winter, peak calving and mid-summer (about 6 weeks after peak calving). Mean
movement rates increased steadily from mid-summer until after the rut in late autumn, and then

decreased during the winter (Fig. 6).

DISCUSSION

We found that boreal caribou had seasonal patterns of mortality throughout the year with
a 6-fold difference between the lowest and highest periods of mortality risk. The annual
mortality pattern had three periods of higher mortality risk (hereafter, “peaks”) separated by
lower-risk periods, with the first (late spring; pre-calving) and second (mid-summer) peaks
representing the periods of highest mortality risk. Although these two higher peaks were
separated by a lower mortality period, the lower post-calving mortality period still represented a
period of elevated mortality risk relative to late summer, autumn and winter. Few caribou died of
any cause during late winter (mid-December to mid-March). Temporal patterns of mortality in
our study were similar to the pattern of mortalities by month observed in north-eastern Alberta
before the onset of disturbance (Figure 2 in McLoughlin et al. 2003). In our study, adult female
mortality varied annually, but intra-annual (i.e., seasonal) variation was even greater than the
interannual differences, indicating that some fundamental principles may be influencing these
intra-annual patterns.

Caribou — predator encounter rates should increase when individual caribou movements
increase (Gurarie and Ovaskainen 2013, Mumma et al. 2017). Our study found higher caribou

movement rates corresponded to higher mortality risk during the late spring and autumn
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mortality peaks, but not during the mid-summer mortality peak or the period of elevated
mortality during post-calving. Higher mortality risk in late spring corresponds to the spring
dispersal period, when annual movement rates of adult females are highest. Adult females travel
long distances to seek out solitary calving sites (Bergerud et al. 1990) and this is the likely reason
for movements in our study. The smaller peak in mortality risk in late autumn also coincides
with progressively higher movement rates by females through the rut and late autumn. Caribou
movements are lowest in winter, perhaps due to reduced mobility in deep snow (Stuart-Smith et
al. 1997), which corresponds to the season with lowest mortality risk. However, we found
caribou movement rates were also low during post-calving and in mid-summer, when mortality
risk was high. We suggest that encounter rates as a result of prey movements provide some
explanatory power for the seasonal timing of increased mortality risk in late spring (pre-calving)
and autumn, but not post-calving or in mid-summer.

Caribou-wolf encounter rates also depend on the movement rates of wolves. In northern
Alberta, moose kill rate was related to movements of both moose and wolves, but most variation
in kill rates was attributed to wolf movement rates (Vander Vennen et al. 2016). Movement rates
of boreal wolves in Saskatchewan were higher during the snow free season (May to October;
(McLoughlin et al. 2019). Wolf packs are less cohesive during summer, which may lead to more
individual predator paths increasing random encounters with prey (Peterson et al. 1984, Fuller
1989, Latham 2009). Other studies have documented more predation mortalities during the
summer or snow-free period than in the winter or snow period (Rettie and Messier 2000,
McLoughlin et al. 2003, Whittington et al. 2011). Overall, predation in our study was higher
from May until mid-August, but then it declined for the remainder of the snow-free period (i.e.,

May to October in our area, Government of Canada 2019). Although higher wolf movement
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rates throughout the summer may increase encounter rates with caribou, the 3-fold variation
(from mid-summer peak (0.0045) to late summer/autumn (and snow-free) low period (0.0015))
was still large and suggests there was more to the mortality dynamic than just summer and winter
(or snow and snow-free) seasons (Metz et al. 2012). Seasonal changes in wolf behaviour may be
a factor in seasonal boreal caribou mortality risk but more data are needed to evaluate this.

We observed seasonal changes in mortality risk consistent with differing vulnerability at
different life stages. Mortality risk increased in spring during late gestation, which may have
contributed to mortality as the outcome of a predator encounter during this period (Molinari-
Jobin et al. 2004). Boreal caribou calving is synchronous in time but not in space (Bergerud et al.
1990, DeMars 2015). Peak calving (mid-May; Nagy 2011) coincided with a modest decline in
adult female mortality risk. We hypothesize the lower adult female mortality risk was due to a
transfer of predation pressure from adults to more vulnerable neonates, as observed in other
species (Peterson et al. 1984, Linnell et al. 1995, Molinari-Jobin et al. 2004, Metz et al. 2012,
Mattisson et al. 2016).

In our study, most non-predation mortalities occurred after peak calving until mid-
summer. Mortalities when starvation was the most likely proximate cause of death were strongly
temporally clustered in early July, about 6 weeks post- calving. Marrow fat data from a predation
kill site during this period indicated severe malnourishment at time of death (24% marrow fat;
(Mech and Delgiudice 1985) and marrow fat (all with 0% fat) from 3 non-predation mortalities
during this season indicated starvation. Energy and protein demands are highest during early
lactation which doubles the energy requirements compared to non-lactating females (Parker et al.
2009), can reduce energy reserves (i.e., body condition), and can reduce subsequent survival and

reproduction compared to non-lactating females (Clutton-Brock et al. 1989, Cook et al. 2004,
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Bender et al. 2008). Adult female caribou lose body mass for about 3 weeks following calving
due to lactation (Parker et al. 2009), and this typically occurs at a time just before grown
initiation of vascular plants, a source of food high in energy and protein (Cook et al. in review).
Concurrent with high energetic demands of lactation, insect harassment likely increases energy
expenditure and impedes efficient foraging, particularly in late spring and early summer (Helle
and Tarvainen 1984, Weladji et al. 2003).

Compared to ungulates that typically are in poorest condition in late winter (e.g., moose,
elk, white-tailed deer (Peterson et al. 1984, DelGiudice et al. 2002)), the decline in body
condition of boreal caribou is delayed to late spring through mid- summer. Body condition loss
through spring and early summer with the low point in mid-summer was documented in barren-
ground caribou (Fig. 6, raw data from Huot 1989, Adamczewski et al. 1993, Créte and Huot
1993, Gerhart et al. 1996, Chan-McLeod et al. 1999). When over-winter body reserves gained
during the previous summer and autumn are insufficient to meet the combined energetic
demands of winter (with variable annual severity), gestation, and especially lactation, caribou
vulnerability to mortality is likely elevated in late spring through midsummer, possibly
contributing to a significant proportion of the annual mortality of boreal caribou: 40% (55 of
139) of annual mortality occurs in the post-calving and mid-summer mortality periods (1/4 of the
year). In predator-rich areas, researchers may be less likely to detect early- and mid-summer
malnutrition if tagged animals are more likely to encounter predators and die regardless of their
nutritional status.

The proximate cause of mortality in our study was predominantly predation, consistent
with other boreal caribou studies (e.g., McLoughlin et al. 2003, Wittmer et al. 2005). We found

that predation was a component of mortality throughout the year, following the same trimodal
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pattern as that of total mortalities. Thus the predation patterns we observed may reflect the
seasonal vulnerability of prey because predators may select prey in poorer body condition than
the overall population (Peterson et al. 1984, Huggard 1993, Metz et al. 2012, Shave et al. 2019);
but see (McLellan et al. 2012). Predator-killed ungulates often have lower marrow fat reserves
than their conspecifics that died of random causes (e.g., road or railway collisions (Huggard
1993); accidental deaths (Mech 2007); hunter harvest (Sand et al. 2012)).

We detected more mortalities of older adult female caribou (>10 years old) than prime-
aged caribou, consistent with increased probability of mortality of older ungulates in other
studies (Loison et al. 1999, Gaillard et al. 2000, DelGiudice et al. 2002). Yet, we also
documented long-lived caribou (up to 22 years old) that exceeded ages expected for wild
ungulates (Loison et al. 1999, Larter and Allaire 2016). Low wolf densities on our study area
may contribute to longevity of caribou regardless of increased vulnerability due to advanced age.

Recently, Gurarie et al. (2019) developed a parametric approach to detecting and
quantifying temporal variation in mortality. Using boreal caribou data from our study, the
cyclomort package (Gurarie et al. 2019) also selected a three-season mortality model as the best
fit to the data. It identifies comparable high-mortality peaks: April 21 (vs. May 2), July 13 (vs.
July 28), and November; the earlier dates are likely influenced by a slightly different subset of
animals included in the models. A benefit of this parametric approach is precise estimates of the
hazard function (i.e., probability of mortality at different times of year). However, the non-
parametric GAMM is a more flexible and perhaps accurate characterization of the seasonal
hazard, despite requiring post hoc decisions to define seasonal periods as we did using inflection
points (Gurarie et al. 2019). The GAMM also allowed us to account for variability among years

with a mixed-effects model, which cyclomort is unable to do. The consistency of both analyses
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supports the conclusion that a trimodal annual pattern accurately described the mortality risk to

boreal caribou in our study area.

Summary

We suggest that a variety of factors interacted synergistically to result in seasonal periods
of higher and lower mortality risk for boreal caribou during the year. First, predator-prey
encounter rates likely varied throughout the year and high caribou movements in spring and
autumn were related to proportionately higher mortality risk at those times (though mis-matches
occur at other times of year). Secondly, our results are consistent with other studies documenting
seasonal variation in predation associated with changes in prey vulnerability, specifically prey
reproductive state, nutritional condition, and prey size (Owen-Smith 2008, Metz et al. 2012).
Mortality risk was highest during demanding life history stages (late gestation and lactation), and
adult mortality risk declined when neonates were available as prey. Nutritional condition of
females was lowest in mid-summer and coincided with the period when most non-predation
mortalities occurred (i.e., starvation), and a period of high overall mortality risk. These seasonal
patterns in mortality provide insight into potential mechanisms contributing to caribou
vulnerability. Although wolf predation was the main, proximate cause of boreal caribou
mortality in our study, other non-predator-related factors mediate predation and contribute to it.
Predator-prey encounter probabilities, energetic demands, and prey nutritional condition are
factors that may contribute to seasonal variation in mortality of boreal caribou, and can be
considered hypotheses for further research to better understand seasonal pressures on this

species.
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TABLES

Table 1. Non-predation or malnutrition mortalities in published studies of woodland caribou

(boreal and mountain ecotypes) in western Canada, recorded as the number and percentage of

total documented mortalities.

Reference No. non- Total No. assigned Non-predation as
predation mortalities cause of death  percent of total
(carcass intact) mortalities

(McLoughlin et al. 5 112 80 4

2003)

(Seip 1992) 2 18 11

(Wittmer et al. 2005) 10 155 95 6

(Stuart-Smith et al. 2 16 16 13

1997)

(McLellan et al. 7 61 61 11*

2012): Females only

* does not include 5 “unknown-not predation” (7 were described as “malnutrition”). Including
both would result in non-predation mortalities increasing to 20% of total mortalities.
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Table 2. Cause of mortalities in each mortality period identified in a mixed generalized additive
model (GAMM) of boreal caribou mortality risk across the calendar year. The GAMM fit data
from 359 adult female boreal caribou monitored in the southern Northwest Territories (2003-
2018), with known date of death for 139 total mortalities. Mortality periods were identified using

inflection points from the fitted model.

Late Totals

Post- Mid- summer / Late
Cause Winter  Pre-calving  calving  summer rut autumn
Accident 2 0 0 0 0 1 3
Harvest 0 5 0 2 0 1 8
Non- 0 1 10 3 0 0 14
predation
Predation 4 32 10 20 6 9 82
Unknown 1 9 5 5 5 7 32
Totals 7 47 25 30 11 18 139
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Figure 1. Study area primarily located in the southern Northwest Territories, Canada, with

locations of adult female boreal caribou mortalities.
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Figure 2. Age distribution at death for known-age predation mortalities of adult (2+ years)
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female boreal caribou (n=61) in the southern Northwest Territories, as determined by analysis of

cementum annuli of teeth collected at mortality sites (2003-2017).
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Figure 3. Mixed generalized additive models (GAMMSs) of boreal caribou mortality risk across
the calendar year: (a) all mortalities; (b) predation mortalities; (c) non-predation mortalities. The
shaded areas represents the 95% confidence intervals. Vertical dashed lines in (a) indicate the
inflection or ‘change’ points used to delineate periods identified by the GAMM, and
subsequently evaluate cause of death by those periods. The GAMMs fit data from 359 adult
female boreal caribou monitored in the southern Northwest Territories (2003-2018), with known

date of death for 139 total mortalities, 82 predation mortalities, and 14 non-predation mortalities.
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Figure 4. Cause of mortalities in each mortality period identified in a mixed generalized additive
model (GAMM) of boreal caribou mortality risk across the calendar year. The GAMM fit data
from 359 adult female boreal caribou monitored in the southern Northwest Territories (2003-
2018), with known date of death for 139 total mortalities. Mortality periods were identified using

inflection points from the fitted model. Width of bars corresponds to number days in period.
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Figure 5. Generalized additive model (GAM) of adult female boreal caribou mean movement

rates in the southern Northwest Territories, 2003-2018 (blue dotted line). Dashed lines show

95% confidence intervals. This GAM is overlaid on the generalized additive mixed model

(GAMM) of boreal caribou mortality risk shown in Fig. 3a. Vertical dashed lines indicate the
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Figure 6. Annual patterns of percent fat of the ingesta-free body of adult females (i.e., body
condition) for barren-ground caribou, graphed by J. Cook using published data: barren-ground
caribou for the Coats Island population in northern Hudson Bay (Adamczewski et al. 1987);
George River population (GR) mainly in northern Quebec (Huot 1989, Créte and Huot 1993);
the Central Arctic population (C. Arctic) in Alaska (Table 2 in Gerhart et al. 1996); the Porcupine
(Porc) population in eastern Alaska and western Canada (Table 1 in Chan-McLeod et al. 1999);
and the Qamanirjuaq population in eastern NT and northern Manitoba to Hudson Bay (from Fig.
15 [prime age caribou] in Dauphiné 1976). All data sets except South Slave were from harvested
caribou. South Slave data are from body condition measurements of live caribou during captures
in December, February and March, and from marrow fat estimates from bones retrieved at
mortality sites in April, June and July. Where available, data for lactating (lac) and non-lactating

(nl) females in summer and autumn within herds are presented.
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